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THE  PROBLEM 

Disadvantageous  aspects  of  the  vestibulo-ocular  reflex  may  emerge  in  aircraft  or 
other  motion  platforms  when  visual  tasks  center  on  displays  that  are  fixed  relative  to 
the  observer.  In  this  circumstance  the  reflex  may  drive  the  eyes  relative  to  the  display, 
thereby  degrading  vision  and  sometimes  inducing  motion  sickness.  This  report  is  one  of 
a series  of  investigations  elucidating  stimulus  conditions  that  influence  the  probability 
of  nauseotypic  disturbance  during  visual-vestibular  interactions. 

FINDINGS 

Visual  search  within  a head-fixed  display  consisting  of  a 12  x 12  digit  matrix  is 
degraded  by  whole-body  angular  oscillation  at  0.02  Hz  (peak  velocities  ± 155  deg/sec), 
and  signs  and  symptoms  of  motion  sickness  are  prominent  in  a number  of  individuals  with- 
in a 5-minute  exposure.  Exposure  to  2.5  Hz  (±20  deg/sec  peak  velocity)  produces 
equivalent  degradation  of  the  visual  search  task  but  does  not  produce  signs  and  symp- 
toms of  motion  sickness  within  a 5-minute  exposure. 


Dr.  Benson  is  Head  of  the  Behavioral  Sciences  Division,  RAF  Institute  of  Aviation 
Medicine,  Farnborough,  Hants,  England. 


ii 


\ 


INTRODUCTION 

Natural  whole-body  movement  such  as  walking,  running,  and  jogging  produces 
complex  head  oscillations  with  high-frequency  components  that  exceed  the  capability 
of  the  visual  tracking  system  to  stabilize  the  eye  relative  to  the  Earth  (4-6),  but  the 
vestibulo-ocular  reflex  working  in  concert  with  the  visual  system  provides  the  degree 
of  ocular  stabilization  needed  to  sustain  clear  vision.  Disadvantageous  aspects  of  this 
reflex  may  emerge  in  aircraft  or  other  motion  platforms,  especially  when  visual  tasks 
center  on  displays  that  are  fixed  relative  to  the  observer.  In  this  circumstance  the 
reflex  may  drive  the  eyes  relative  to  the  display  with  two  potentially  unfavorable 
results,  degradation  of  vision  and  nausea.  This  report  is  primarily  concerned  with  the 
nauseogenic  effects  that  sometimes  accompany  this  form  of  conflictual  visual-vestibular 
interaction. 

Low-frequency  (0.02  - 0.04  Hz)  high  peak  velocity  angular  oscillation  in  yaw 
about  an  Earth-vertical  rotation  axis  produces  a predictable  sinusoidal  variation  of 
vestibular  nystagmus  (6,12).  As  a result  of  effective  visual  suppression  of  the  vestibulo- 
ocular  reflex  during  low-frequency  vestibular  stimuli  (5),  high  peak  velocities  of  low- 
frequency  body  oscillation  are  required  for  the  vestibulo-ocular  reflex  to  blur  vision  of 
most  subjects  for  head-fixed  displays.  When  requisite  peak  stimulus  velocities  are  used, 
then  these  sinusoidal  stimuli  produce  a cyclic  variation  in  visual  performance  which  is 
predictable  from  fairly  well  established  stimulus-response  relationships.  It  has  recently 
been  found  that  such  stimuli  may  be  highly  nauseogenic,  but  only  when  subjects  are 
concomitantly  presented  with  certain  visual  displays  and  tasks  (10,19). 

The  gain  of  the  vestibulo-ocular  reflex  (ratio  of  peak  eye  velocity  to  peak  stim- 
ulus velocity)  is  greater  with  high-frequency  (2-10  Hz)  than  with  low-frequency  sinus- 
oidal semicircular  canal  stimuli,  and,  moreover,  visual  suppression  of  the  vestibulo- 
ocular  reflex  during  these  high-frequency  stimuli  is  relatively  ineffectual  (5).  Thus 
with  high-frequency  vestibular  stimuli,  low  amplitudes  and  low  peak  velocities  are  suf- 
ficient to  blur  vision  for  head-fixed  displays.  This,  of  course,  is  of  considerable  prac- 
tical significance  from  the  standpoint  of  vision  in  dynamic  environments,  but  the  point 
of  the  present  study  is  to  determine  whether  or  not  these  high-frequency  vestibular  stim- 
uli are  also  nauseogenic  to  subjects  when  they  are  presented  with  a visual  display  and 
task  which  are  known  to  cause  nausea  with  the  low-frequency  stimuli. 

PROCEDURE 


SUBJECTS 

The  present  paper  compares  visual  performance  and  signs  of  sickness  produced  in 
several  groups  of  subjects  exposed  to  motion  stimuli.  One  group,  25  staff  members,  6 
females  and  19  males  (mean  age  29.8  years),  of  the  RAF  Institute  of  Aviation  Medicine, 
Farnborough,  England,  were  exposed  to  high-frequency  whole-body  oscillation  while 
scanning  a visual  display.  Results  from  this  group  are  compared  with  results  from  51 
naval  aviation  officer  candidates.  Naval  Air  Station,  Pensacola,  Florida,  (mean  age 
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about  25  years)  who  were  exposed  to  low-frequency  whole-body  angular  oscillation 
while  viewing  an  identical  visual  display.  Details  about  additional  comparison  groups 
exposed  to  the  low-frequency  motion  stimulus  will  be  presented  below. 

APPARATUS 

Subjects,  seated  at  the  center  of  a rotation  device,  viewed  a 12  x 12  character 
matrix  (Figure  1)  with  alpha  numeric  coordinates.  The  square  matrix  measures  165  x 
165  mm  and  subtends  approximately  a 0.2  x 0.2  rad  (12°)  visual  angle;  white  margins 
around  the  matrix  increase  the  visual  angle  of  the  entire  display  to  0.3  x 0.3  rad  (17°). 
The  display  has  a white  card  luminance  of  0.34  cd/m^  (0.1  fL),  and  it  was  fixed  at  eye 
level  on  the  rotation  device  and  viewed  against  a black  cloth  background  which  en- 
closed the  rotary  structure  and  excluded  external  visual  reference. 

Matrix  coordinates  were  recorded  on  audio  tape  at  7-second  intervals  to  provide 
commands  for  the  subject  to  retrieve  information  from  the  display.  The  subject's  task 
was  to  locate  the  matrix  position  and  to  name  the  digit  in  that  position  and  the  next  two 
digits  below  it  in  the  same  column. 

Subjects  were  given  3 minutes  of  practice  on  the  data  retrieval  task  with  the  turn- 
table stationary.  Then  after  a short  rest,  a 5-minute  period  of  angular  oscillation  was 
commenced  in  which  subjects  again  performed  the  data  retrieval  task.  One  group 
(N  = 25)  was  exposed  to  angular  oscillation  in  yaw  at  2.5  Hz  with  peak  angular  veloc- 
ities of  ±20  deg/sec  (0.35  rad/sec).  During  a 315-second  exposure,  commands  for 
locating  45  coordinates  were  presented.  The  comparison  group  (N  = 51)  was  oscillated 
in  yaw  at  0.02  Hz  with  peak  angular  velocities  of  ±155  deg/sec  (2.71  rad/sec).  Dur- 
ing 300  seconds  of  oscillation,  commands  for  locating  42  coordinates  were  presented. 


RESULTS 


VISUAL  PERFORMANCE 


Performance  of  the  two  groups  under  static  conditions,  3 minutes  of  data  retrieval 
from  the  matrix  while  stationary,  was  closely  matched.  The  group  later  exposed  to 
high-frequency  oscillation  correctly  identified  97.2  percent  of  the  total  number  of 
digits  to  be  identified.  The  group  later  exposed  to  low-frequency  oscillation  correctly 
identified  98  percent  of  the  total  number  of  digits  to  be  identified. 

Performance  of  the  two  groups  during  the  5 minutes  of  angular  oscillation  was 
also  closely  matched.  Subjects  exposed  to  high-frequency  oscillation  correctly  named 
60.2  percent  of  135  digits  (in  315  seconds)  to  be  identified  while  subjects  exposed  to  5 
minutes  of  low-frequency  oscillation  correctly  named  58.0  percent  of  126  digits*  to  be 
identified.  There  were  pronounced  intersubject  differences  in  the  number  of  correctly 
identified  digits  during  the  5 minutes  of  oscillation  in  both  groups,  but  the  coefficients 

* Exactly  300  seconds  of  oscillation  permitted  only  42  taped  commands. 
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Alpha  Numeric  Display  for  Visual  Task 
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of  variation  (the  ratio  of  the  standard  deviation  to  the  mean)  were  identical  (0.40)  for 
the  two  groups. 

There  was,  however,  one  important  difference  in  the  visual  performance  of  the 
two  groups  during  oscillation.  During  high-frequency  oscillation  there  was  no  con- 
sistent change  in  visual  performance  during  the  5-minute  exposure,  although  some  sub- 
jects did  exhibit  an  irregular  fluctuation  in  their  ability  to  locate  and  see  targets  during 
the  period  of  oscillation.  In  contrast,  during  low-frequency  oscillation,  errors  in  visu- 
al performance  peaked  at  25-second  intervals,  near  the  peak  stimulus  angular  velocities, 
as  would  be  expected  from  known  variations  in  vestibular  nystagmus  during  angular  oscil- 
lation of  0.02  Hz. 


INDICES  OF  MOTION  SICKNESS 

Subjects  in  both  groups  were  rated  for  signs  and  symptoms  of  motion  sickness,  and 
they  also  rated  themselves  for  stomach  awareness,  malaise,  and  nausea.  The  observer's 
rating  of  subjects  for  signs  of  disturbance  by  motion  was  based  upon  a procedure  used  in 
previous  studies  (1)  to  evaluate  effects  of  a sequence  of  Coriolis  cross-coupled  vestibu- 
lar stimuli  administered  within  a 5-minute  interval.  Items  specifically  rated  were  pal- 
lor, sweating,  facial  expression,  steadiness,  signs  of  disorientation,  and  recovery  rate. 
An  over-all  rating  was  also  included  and  this  was  influenced  by  factors  such  as  the  sub- 
ject's comments,  carriage  (postural  signs),  failure  to  complete  the  test,  and  general 
demeanor. 

Ratings  given  to  the  group  exposed  to  high-frequency  oscillation  indicated  that 
this  motion  condition  did  not  produce  convincing  signs  of  motion  sickness.  Pallor  (and/ 
or  flushing)  was  not  evident  in  any  subject;  a minor  degree  of  sweating  occurred,  but 
no  more  than  would  occur  from  thermal  effects  in  the  enclosed  rotary  structure.  There 
was  evidence  of  mild  to  moderate  unsteadiness  in  some  of  the  subjects  immediately  after 
the  5-minute  exposure.  All  of  the  subjects  in  this  group  completed  the  experiment, 
and  their  self-ratings  substantiated  the  observer's  rating  of  little  or  no  signs  of  sickness. 
Self-rate  items  included  like/dislike,  stomach  awareness,  post-test  dizziness,  nausea 
(sickness  feelings),  and  feeling  hot  (or  cold).  Negative  comments  from  subjects  cen- 
tered on  the  difficulty  in  performing  the  assigned  task  due  to  difficulty  in  seeing  the 
display.  Only  2 of  the  25  subjects  reported  any  degree  of  stomach  awareness  or  nausea, 
and  neither  of  these  appeared  ill  to  the  observer.  On  a 1 to  7 rating  scale,  the  group 
mean  self-rate  for  stomach  awareness  was  1.2  (1.0  corresponds  to  no  effect  and  7.0  to 
very  strong  effect),  and  the  mean  self-rate  for  nausea  was  1.1. 

By  contrast,  the  group  exposed  to  low-frequency  oscillation  gave  ample  evidence 
of  motion  sickness,  but  as  is  common  in  all  conditions  that  produce  nausea  and  sickness 
in  the  course  of  a short  exposure,  signs  and  symptoms  of  disturbance  from  this  stimulus 
condition  were  subject  to  pronounced  individual  differences.  Six  of  the  51  subjects 
failed  to  complete  5 minutes  of  exposure  to  the  motion  stimulus.  Of  these  6 subjects, 

4 vomited,  1 retched,  and  the  remaining  subject  withdrew  very  early  in  the  motion 
exposure,  apparently  due  to  fear  of  sickness,  but  too  soon  to  have  become  sick.  The 


group  mean  self-rate  for  stomach  awareness  was  3.0  and  for  nausea  it  was  2.7  (as  com- 
pared with  1.2  and  1 .1,  respectively,  for  these  self-ratings  in  the  high-frequency 
oscillation  group).  On  one  or  the  other  of  these  two  self-rate  items,  75  percent  of 
this  group  indicated  some  degree  of  disturbance,  whereas  in  the  high-frequency  oscilla- 
tion group,  only  8 percent  of  the  subjects  indicated  some  degree  of  disturbance.  Table 
I compares  the  self-ratings  of  the  two  groups.  Only  in  the  like/dislike  rating  were  the 
two  groups  nearly  equal,  and  on  this  item  individuals  exposed  to  high-frequency  oscil- 
lation complained  of  difficulty  in  seeing  the  display,  whereas  individuals  in  the  other 
group  complained  of  sickness  as  well  as  difficulty  in  seeing  the  display. 

Table  I 

Comparison  of  Self-ratings:  Percent  Indicating  No  Effect, 
and  Percent  Aborting  Test  in  the  Two  Groups 


Item  Rated 

0.02  Hz  ±155 

deg/sec 

2.5  Hz  ±20  deg/sec 

Mean  SD 

Percent 

Indicating 

No  Effect 

Mean  SD 

Percent 

Indicating 

No  Effect 

Stomach  awareness 

3.0 

1.94 

27 

1.2  0.79 

92 

Nausea  and  sickness 

2.7 

1.97 

39 

1.1  0.62 

92 

Like/dislike 

3.7 

1.80 

16 

3.2  1.13 

4 

Dizziness 

2.6 

1.60 

25 

1.1  0.11 

88 

Feeling  hot  or  cold 

2.6 

2.13 

55 

1.6  1.16 

68 

Percent  aborting  test 

12 

0 

Other  groups  of  subjects  exposed  to  the  same  low-frequency  stimulus  and  visual 
task  have  yielded  results  similar  to  those  of  the  low-frequency  group  in  the  present 
study.  A group  of  51  naval  aviation  officer  candidates  achieved  a 60  percent  dig ir 
identification  and  had  a mean  self-rate  on  nausea  and  stomach  awareness  items  of  3.1, 
and  of  these  51  subjects,  6 withdrew  12  percent)  from  the  motion  condition  because 
of  nausea  and/or  vomiting  (21).  Another  group  of  304  naval  flight  officer  candidates 
had  a 59  percent  rate  of  correct  digit  identification  and  a mean  self-rate  of  2.8  on  the 
nausea  and  stomach  awareness  items  (16).  Thirty-five  individuals  (1 1 .5  percent)  with- 
drew because  of  sickness. 

The  provocative  nature  of  this  low-frequency  high  peak  velocity  stimulus,  when 
it  is  combined  with  the  visual  search  task,  may  be  appreciated  by  comparing  its  effects 
with  those  produced  when  the  same  students  were  exposed  on  another  day  to  a sequence 
often  Coriolis  cross-coupled  stimuli  over  a 5-minute  interval  induced  by  45-degree 
head  movements  during  whole-body  rotation  at  90  deg/sec  (16,21).  Such  stimuli  are 
commonly  regarded  as  highly  provocative  of  motion  sickness,  yet  the  mean  rating  on 
stomach  awareness  and  nausea  was  2.4  (as  compared  with  2.8),  and  only  3 percent 


(as  compared  with  11 .5  percent)  withdrew  from  the  5-minute  exposure  to  cross-coupled 
stimuli . 


DISCUSSION 

The  salient  feature  of  the  present  study  is  that  visual  data  acquisition  from  a 
head-fixed  complex  display  was  degraded  equally  by  high-frequency  low  peak  veloc- 
ity whole-body  oscillation  or  by  low-frequency  high  peak  velocity  whole-body  oscilla- 
tion, but  only  the  low-frequency  oscillation  produced  substantial  signs  and  symptoms  of 
motion  sickness.  That  the  latter  condition  coupled  with  the  visual  data  retrieval  task  is 
consistently  nauseogenic  to  the  degree  observed  in  the  present  study  has  been  substan- 
tiated by  a number  of  subsequent  observations  (15,16).  Substantiating  data  from  other 
groups  are  not  available  for  results  of  the  high-frequency  oscillation,  although  the  ab- 
sence of  signs  and  symptoms  of  sickness  in  the  group  so  exposed  in  the  present  study  was 
striking.  It  seems  unlikely  that  a slight  mean  age  difference  between  groups  would 
account  for  the  substantial  difference  in  the  incidence  of  symptoms,  especially  since 
some  of  the  individuals  in  the  older  group,  those  exposed  to  the  high-frequency  stimu- 
lus, were  exposed  on  other  occasions  to  a similar  visual  task  during  low-frequency 
stimulation  and  became  sick  within  5 minutes.  With  slight  reservations,  then,  we  must 
conclude  that  high-frequency  oscillation  sufficient  to  degrade  performance  with  this 
visual  task  is  not  nauseogenic  in  the  course  of  a 5-minute  exposure,  whereas  a low- 
frequency  oscillation  that  produces  a comparable  decrement  in  visual  performance  is 
nauseogenic. 

The  0.02  Hz  stimulus,  which  in  regard  to  visual  performance  may  be  considered 
a 0.04  Hz  stimulus  because  there  were  two  periods  of  degraded  vision  in  each  cycle,  is, 
by  either  reckoning,  a frequency  which  is  far  below  the  frequency  range  sometimes  indi- 
cated as  being  effective  in  producing  motion  sickness  (17,20).  Of  course,  the  form  of 
motion  input  in  our  study  differs  from  that  of  most  studies  seeking  to  elucidate  frequency 
effects.  However,  the  motivation  to  look  for  "the  provocative  frequency"  probably 
stems  from  the  idea  that  maximum  response  gain  occurs  at  the  natural  frequency  of  some 
responding  component  or  components,  such  as  the  otolith  organs,  the  stomach,  or  the 
semicircular  canals,  et  cetera.  Yet  the  present  results  show  that  motion  sickness  pro- 
duction was  least  at  a frequency  (2.5  Hz)  where  the  vestibulo-ocular  response  gain  may 
be  greatest  (cf.  Benson  and  Barnes,  6).  This  observation  illustrates  the  fact  that  the 
determination  of  stimuli  that  produce  motion  sickness  is  complex  and  will  not  be  solved 
by  simply  searching  for  the  "natural  frequency"  of  any  one  responding  system,  although 
such  information  will  undoubtedly  be  useful  in  unraveling  the  remaining  mysteries  of 
motion  sickness. 

The  impairment  of  visual  performance  during  angular  oscillation  can  be  accounted 
for  by  a failure  to  suppress  vestibulo-ocular  responses  and  the  consequent  movement  of 
the  retinal  image.  Typical  features  of  the  oculomotor  response  to  the  low-  and  high- 
frequency  stimuli  are  illustrated  by  Figures  2 and  3.  The  upper  traces  labeled  "A" 
were  recorded  in  darkness  with  no  matrix  display  visible;  the  lower  traces  labeled  "B" 
were  obtained  with  the  display  illuminated  and  the  subject  performing  the  visual  task. 
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At  0.02  Hz  the  vestibulo-ocular  response  is  characterized  by  a direction-changing 
nystagmus  which,  in  the  dark,  has  a slow  phase  velocity  of  approximately  60  percent 
of  the  angular  velocity  of  the  stimulus;  i.e.,  peak  slow  phase  velocity  f»±9Q  deg/sec. 

In  attempting  to  fixate  on  an  element  of  the  alpha  numeric  matrix,  nystagmus  slow  phase 
velocity  is  substantially  decreased;  the  peak  slow  phase  velocity  is  reduced  to  ±30  deg/ 
sec,  though  a greater  suppression  of  the  response  occurs  during  the  remainder  of  each 
half  of  the  stimulus  cycle  (7).  The  mean  slow  phase  eye  velocity  during  each  half  cycle 
is  « ± 14  deg/sec. 

The  eye  movements  induced  by  the  high-frequency  stimulus  differ  from  those  of 
the  low-frequency  response  in  two  essential  features:  There  is  a relative  absence  of 
saccades,  and  there  is  little  suppression  on  illuminating  the  display.  At  2.5  Hz  the 
vestibulo-ocular  gain  is  close  to  unity  and  is  reduced  only  by  about  20  percent  on 
attempting  to  fixate  on  a display  which  rotates  with  the  head  (5);  so,  in  the  high- 
frequency  stimulus  conditions  the  eye  velocity  peaks  at  s=:±16  deg/sec  and  has  a mean 
modulus  velocity  of  1 0 deg/sec. 

The  mean  slow  phase  eye  velocity  in  the  two  experimental  conditions  is  there- 
fore comparable  and  is  sufficient  to  produce  movement  of  the  retinal  image  and  hence 
a substantia!  impairment  of  visual  acuity  (9).  Although  the  mean  velocity  was  less  in 
the  high-  than  in  the  low-frequency  oscillation  condition,  visual  performance  in  the 
two  experimental  conditions  was  quite  comparable.  This  apparently  anomalous  finding 
may  be  explained  by  differences  in  the  temporal  characteristics  of  the  visual  impair- 
ment produced  by  the  two  stimuli.  At  0.02  Hz  there  is  a period  during  each  half  cycle 
when  the  display  could  be  read  without  difficulty  (i.e.,  the  nystagmus  was  essentially 
suppressed),  which  alternated  with  a period  of  severe  loss  of  acuity.  In  contrast,  at 
2.5  Hz  vision  was  continuously  blurred,  and  the  probability  of  identifying  a character 
in  the  matrix  was  governed  by  its  spatial  coordinates  rather  than  any  temporal  relation- 
ship to  the  stimulus  cycle,  as  at  low  frequency. 

The  degradation  of  visual  performance  produced  by  a multi-turn  low-frequency 
angular  oscillation  and  by  a small  amplitude  angular  vibration  can  be  accounted  for  by 
the  known  behavior  of  the  vestibulo-ocular  reflex  and  its  suppression  by  the  oculomotor 
pursuit  system,  but  an  explanation  of  why  these  two  stimuli  are  so  different  in  their 
nauseogenic  properties  is  more  covert;  nevertheless,  it  behooves  us  to  speculate  on 
reasons  for  this  disparity.  It  Is  known  from  other  experiments  that  a low-frequency, 
high-intensity  angular  oscillation  about  the  yaw  axis  does  not  induce  sickness  when 
experienced  in  darkness  or  when  the  subject  fixates  on  a simple  target  which  rotates 
with  him  (10).  However,  the  same  rotational  stimulus  induces  nausea,  and  other  signs 
and  symptoms  of  motion  sickness,  when  the  subject  is  required  to  inspect  a matrix  of 
digits  (10,19).  Thus  an  essential  feature  of  the  provocative  situation  is  the  disruption 
of  visual  search  and  of  the  location  of  characters  within  a complex  display  by  the 
vestibulo-ocular  responses.  But  the  present  experiment  has  shown,  without  ambiguity, 
that  it  is  only  a low-frequency  angular  oscillation  that  is  nauseogenic,  although  both 
the  low-  and  high-frequency  stimuli  produced  slow  phase  eye  movements  of  comparable 
velocity  and  produced  equal  decrements  in  visual  performance. 
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The  difference  in  the  vestibulo-ocular  responses  af  the  two  frequencies  used  in 
the  present  study  is  (os  noted  above)  that  at  0.02  Hz,  the  oculomotor  response  consists 
of  true  nystagmic  beats  with  definite  slow  and  fast  components,  whereas  at  2.5  Hz,  the 
eye  movement  approximates  to  a smooth  sinusoid.  The  few  saccades  present  in  Line  B 
of  Figure  3 (display  illuminated)  are  probably  voluntary  saccades  associated  with  visual 
search  of  the  matrix. 

The  visual  task  employed  was  one  that  required  the  subject  to  look  from  one  facet 
of  the  display  to  another  in  order  to  locate  a spatial  coordinate,  a pattern  of  visual 
search  that  is  characteristically  achieved  by  saccadic  eye  movements  between  succes- 
sive points  of  fixation  (24).  The  presence  of  involuntary  saccades  of  vestibular  origin 
will,  it  is  suggested,  interfere  with  the  voluntary  saccades  in  such  a manner  that  the 
eye  position,  and  hence  the  retinal  image,  does  not  accord  with  that  which  the  subject 
"expects"  to  be  achieved  by  a particular  voluntary  saccade.  With  the  high-frequency 
stimulus  the  vestibulo-ocular  reflex  produces  only  a "slow  component"  eye  movement 
without  saccades,  so  there  is  no  disruption  of  voluntary  saccades  and  no  disparity  in 
the  spatial  localization  of  the  visual  image  between  that  which  is  modeled  by  neural 
centers  and  that  which  is  achieved.  The  image  is,  of  course,  blurred  in  both  experi- 
mental conditions  by  the  presence  of  slow  component  eye  movements.  Slow  component 
eye  movements  may  have  some  influence  on  the  precision  of  the  voluntary  saccades, 
but  the  limited  evidence  available  suggests  that  this  effect  is  small  (4)  and  is  of  minor 
importance  when  compared  with  the  disruptive  effects  of  involuntary  saccades. 

An  explanation  of  why  the  disruption  by  voluntary  saccades  causes  the  develop- 
ment of  the  motion  sickness  syndrome  is  a matter  for  further  speculation.  At  one  level 
of  description,  visual  search  during  low-frequency  oscillation  may  be  identified  as  a 
condition  in  which  visual  cues  about  the  subject's  spatial  relationship  and  movement  do 
not  accord  with  those  that  are  "expected"  on  the  basis  of  previous  transactions  in  the 
natural  environment.  This  condition,  in  which  there  is  a rearranged  sensory  input  and 
a mismatch  between  received  and  expected  cues,  is  common  to  the  many  and  diverse 
circumstances  that  cause  motion  sickness,  and  defines  the  essential  nature  of  the  nauseo- 
genic  stimulus  (8,11,13,14,22). 

At  another  level  of  description,  the  vestibular  cerebellum  may  be  identified  as  a 
structure  involved  in  the  control  of  saccadic  eye  movements  and  the  induction  of  motion 
sickness.  Removal  of  the  lower  vermis  including  the  nodulus  produces  a degree  of  im- 
munity to  motion  sickness  (3,13,18),  and  lesions  of  the  vermis  produce  dysmetria  of 
saccadic  eye  movements  (2)  as  well  as  alteration  of  the  amplitude  of  the  fast  phase  of 
vestibular  nystagmus  (23).  Only  the  high  peak  velocity  low-frequency  stimulus  sets 
off  vestibular  saccadic  interference  with  voluntary  saccadic  movements,  disrupting 
"automatic"  control  functions  normally  involving  the  vermis,  which  happens  to  be  a 
crucial  structure  in  motion  sickness. 

CONCLUSION 

Visual  search  within  a head-fixed  display  consisting  of  a 12  x 12  digit  matrix  is 
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degraded  by  whole-body  angular  oscillation  at  0.02  Hz  (peak  velocities  ^55  deg/sec), 
and  signs  and  symptoms  of  motion  sickness  are  prominent  in  a number  of  individuals  with- 
in a 5-minute  exposure.  Exposure  to  2.5  Hz  (±20  deg/sec  peak  velocity)  produces 
equivalent  degradation  of  the  visual  search  task  but  does  not  produce  signs  and  symptoms 
of  motion  sickness  within  a 5-minute  exposure. 
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